Hypoxia plays a vital role in the progression of endometriosis. Additionally, integrin-mediated aberrant adhesion is also essential for establishment of endometriotic lesions. In this study, we sought to determine the function of hypoxia in integrin-mediated adhesion of endometrial stromal cells (ESCs) in endometriosis. The expressions of adhesion molecule integrins (integrin a 5 , integrin a V , integrin b 3 , and integrin b 5 ) were determined in 15 normal endometria and 15 paired eutopic and ectopic endometria by immunohistochemistry. Thirteen primary ESCs from patients with peritoneal endometriosis in the proliferative phase were cultured under a hypoxic (1% O 2 ) or normoxic (21% O 2 ) environment, and the expression levels of hypoxia-inducible factor (HIF)-1a, transforming growth factor (TGF)-b1, and integrins were detected by quantitative reverse transcription polymerase chain reaction and western blot. The alteration of integrins in endometriotic mouse models were also explored. Our results demonstrated that HIF-1a and integrins were highly expressed in ESCs of endometriotic lesions compared with ESCs of eutopic and normal endometrium. Hypoxia treatment significantly increased ESC adhesion abilities and integrin expression, which were positively correlated with TGF-b1 expression. Both TGF-b1 and hypoxia enhanced ESC adhesion properties, whereas hypoxia combined with TGF-b1 receptor inhibitor inhibited ESC adhesion. Knockdown of HIF-1a attenuated TGF-b1/Smad signaling activation and integrin expression and reduced ESC adhesion. Higher expression levels of HIF-1a, TGF-b1, and integrins were detected in endometriotic cysts from mice models. Our findings provide a novel insight of endometriosis that the hypoxic microenvironment stimulates ESCs to produce excessive TGF-b1 and activates the TGF-b1/Smad signaling pathway, thus enhancing integrin expression and the adhesion ability of ESCs.
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Hypoxia plays a vital role in the progression of endometriosis. Additionally, integrin-mediated aberrant adhesion is also essential for establishment of endometriotic lesions. In this study, we sought to determine the function of hypoxia in integrin-mediated adhesion of endometrial stromal cells (ESCs) in endometriosis. The expressions of adhesion molecule integrins (integrin a 5 , integrin a V , integrin b 3 , and integrin b 5 ) were determined in 15 normal endometria and 15 paired eutopic and ectopic endometria by immunohistochemistry. Thirteen primary ESCs from patients with peritoneal endometriosis in the proliferative phase were cultured under a hypoxic (1% O 2 ) or normoxic (21% O 2 ) environment, and the expression levels of hypoxia-inducible factor (HIF)-1a, transforming growth factor (TGF)-b1, and integrins were detected by quantitative reverse transcription polymerase chain reaction and western blot. The alteration of integrins in endometriotic mouse models were also explored. Our results demonstrated that HIF-1a and integrins were highly expressed in ESCs of endometriotic lesions compared with ESCs of eutopic and normal endometrium. Hypoxia treatment significantly increased ESC adhesion abilities and integrin expression, which were positively correlated with TGF-b1 expression. Both TGF-b1 and hypoxia enhanced ESC adhesion properties, whereas hypoxia combined with TGF-b1 receptor inhibitor inhibited ESC adhesion. Knockdown of HIF-1a attenuated TGF-b1/Smad signaling activation and integrin expression and reduced ESC adhesion. Higher expression levels of HIF-1a, TGF-b1, and integrins were detected in endometriotic cysts from mice models. Our findings provide a novel insight of endometriosis that the hypoxic microenvironment stimulates ESCs to produce excessive TGF-b1 and activates the TGF-b1/Smad signaling pathway, thus enhancing integrin expression and the adhesion ability of ESCs. (Endocrinology 159: [1630] [1631] [1632] [1633] [1634] [1635] [1636] [1637] [1638] [1639] [1640] [1641] 2018) E ndometriosis is a benign and estrogen-dependent gynecologic disorder characterized by the presence of endometrial-type gland and stroma outside the uterine cavity (1) . Pelvic pain, dysmenorrhea, dyspareunia, and infertility are common symptoms in endometriosis that negatively impact a woman's quality of life (2) .
Although there are many proposed theories of endometriosis, the most convincing one is the retrograde menstruation hypothesis. It is proposed that endometrial fragments flow backward to the pelvic cavity and undergo adhesion, proliferation, and angiogenesis, ultimately developing into ectopic cysts or nodules (3) . The attachment of retrograde endometrial tissues to the pelvic cavity is regarded as the initiation stage of endometriosis, and many different adhesion molecules have been suggested to regulate this process (4) . Cell adhesion molecules consist of four major groups: selectins, cadherins, members of the immunoglobulin superfamily, and integrins (5) . Expression levels of integrin family members, including integrin a 3 b 1 , integrin b 2 , and integrin a V b 3 , are increased in endometriosis tissues (4, 6, 7) , suggesting that integrin-associated adhesion plays an important role in the development of endometriotic lesions. Additionally, attachment of endometrial tissues to host peritoneum is mainly dependent on endometrial stromal cells (ESCs) in an integrin-dependent manner (8) (9) (10) .
Growing evidence indicates that hypoxia participates in endometriosis, and the master regulation factor of hypoxia, hypoxia-inducible factor (HIF)-1a, is overexpressed in endometriotic lesions (11, 12) . Moreover, emerging evidence suggests a link between hypoxia and adhesion (13) . However, the relationship between hypoxia and integrin-mediated adhesion in ESCs of endometriosis is unclear. Our study aims to clarify the mechanisms responsible for the formation of endometriotic lesions by considering the effects of hypoxia on the adherent ability of ESCs and the underlying signaling pathway.
Materials and Methods

Study approval
This study was initiated on 13 September 2015 and terminated on 20 May 2017. Ethics approval was obtained from the Medical Ethics Committee of Zhejiang University. Informed written consent was obtained from all patients prior to tissue collection. All animals were maintained in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and the experiment was approved by the Experimental Animal Ethics Committee of Zhejiang University.
Collection of endometrium samples and endometriotic tissues
Eutopic and ectopic endometrium samples were collected from parous reproductive-aged women with peritoneal endometriosis. For each case, the diagnosis was initially considered as phase II of endometriosis according to the revised American Fertility Society classification of endometriosis. To avoid cellular heterogeneity, only histologically confirmed middle proliferative eutopic endometrial fragments were selected for extraction of ESCs and establishment of mice models of endometriosis (14) . Detail inclusion criteria for patients and number of cases are presented in Supplemental Information.
Isolation, purification, culture, and authentication of ESCs
We performed primary cell culture to acquire highly pure ESCs according to previous reports (15, 16) . More detail is presented in Supplemental Information. ESCs from 13 individual patients representing a proliferating population of nondifferentiated endometrial stromal cells were used between passages 3 and 5. Immunofluorescent staining was performed to determine the purity of isolated ESCs using monoclonal antibodies specific for human vimentin (ab92547; Abcam, Cambridge, U.K.) and pan-cytokeratin (ab215838; Abcam).
Normoxia, hypoxia, transforming growth factor-b1, and hypoxic culture condition supplemented with the transforming growth factor-b1 receptor inhibitor SB431542 treatment of ESCs
ESCs were cultured at 37°C in 21% O 2 as the normoxic culture group and 1% O 2 was used for the hypoxic culture group, as reported previously (17, 18) . Hypoxic conditions were maintained using a hypoxia incubator chamber (27310; Stemcell Technologies, Vancouver, BC, Canada) with 5% CO 2 and 1% O 2 balanced with N 2 . Transforming growth factor (TGF)-b1 treatment was conducted at 37°C in 21% O 2 with 10 ng/mL TGF-b1 (100-21; PeproTech, Rocky Hill, CT). For hypoxic culture condition supplemented with the TGF-b1 receptor inhibitor SB431542 (hypoxia-SB431542), 10 mM SB431542 (14775; Cell Signaling Technology, Beverly, MA) was directly added to the medium 2 hours before incubation in hypoxic conditions. The medium of all four groups was changed every 24 hours.
Adhesion and migration assays of ESCs
A CCK-8-based adhesion assay and transwell-based migration assay were performed to determine the adhesion and migration capacities of ESCs in different culture conditions, including normoxia or hypoxia, TGF-b1 costimulation, and hypoxia-SB431542 treatment. Detailed procedures are provided in Supplemental Information.
RNA isolation and quantitative reverse transcription polymerase chain reaction
Total RNA was isolated from ESCs using TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Reverse transcription, quantitative reverse transcription polymerase chain reaction (qRT-PCR), and measurement of target gene expression were performed as described in Supplemental Information. Primers sequences of target genes are listed in Supplemental Table 1 .
Western blot assay
Western blotting was performed as described in Supplemental Information. Primary antibodies used in our study are listed in Supplemental Table 2 . ImageJ analysis was applied to acquire the signal intensity of immunoblot target proteins.
Immunohistochemistry assay
Immunohistochemistry was performed according to common protocols as indicated in Supplemental Information. The H-score of staining results was calculated using the following equation: H-score = S Pi (i + 1), where i indicates intensity of staining with a value of 1, 2, or 3 (weak, moderate, or strong, respectively) and Pi is the percentage of stained cells in total ESCs or endometrial epithelial cells (EECs), with each intensity ranging from 0% to 100%.
Immunofluorescence assay
To determine the biological mechanism of hypoxia on ESCs, an immunofluorescence assay (IF) was performed using a standard staining procedure as described in Supplemental Information to investigate the subcellular translocation of phosphorylated Smad (p-Smad) 2 under hypoxia.
Mouse model of endometriosis
We established a mouse model of endometriosis to clarify the alteration of integrins in endometriosis. Animal models were established by stitching eutopic endometrium onto the peritoneum of C57BL/6 female mice (19) ; lesions were harvested 48 hours after transplantation. Procedures for generation of mouse peritoneal lesions and subsequent tissue harvest are described in Supplemental Information.
Lentiviral-mediated interference of HIF-1a in ESCs
Three different HIF-1a interfering short hairpin RNA (shRNA) lentiviral vectors (shRNA1, shRNA2, and shRNA3) were purchased from Genechem (Shanghai, China). After stabilization of the primary culture of ESCs, cells were seeded in six-well plates and infected with lentivirus at a multiplicity of infection of 10 for 48 hours. ESCs were observed under fluorescence microscopy to confirm the infection efficiency after 24 hours of culture and harvested after 48 hours. The medium was changed every 24 hours. qRT-PCR and western blot analyses were performed to confirm the efficiency of HIF-1a inhibition.
Enzyme-linked immunosorbent assay
Thirteen primary cultured ESCs were preseeded on 60-mm dishes at a density of 1 3 10 5 cells per dish. After normoxic or hypoxic treatments for 48 hours, the cell number was counted and the supernatant of culture medium was used to determine the concentration of activated TGF-b1 using enzyme-linked immunosorbent assay (ELISA) kits from Multi Sciences Biotech (70-EK1812; Lianke, Hangzhou, China), according to the manufacturer's protocol.
Statistical analysis
SPSS program version 19.0 and GraphPad Prism 5 software were used for statistical analysis. Parametric tests of TGF-b1, normoxia, hypoxia, and hypoxia-SB431542 groups and immunohistochemistry (IHC) results of human paraffin slides were analyzed by one-way analysis of variance (ANOVA). Other parametric comparison was conducted by a paired Student t test after confirming that the data obeyed normal distribution by a one-sample Kolmogorov-Smirnov test. Differences were considered to be statistically significant at P # 0.05.
Results
Expression of integrins and HIF-1a was significantly higher in endometriotic lesions compared with normal endometrium Although many studies suggested that an increased adhesive capacity of endometriosis may be due to dysregulation of integrins (20) (21) (22) , little is known about the origin of integrins and the specific integrins that function in adhesive regulation of endometriosis. Therefore, we first analyzed the expression of different integrin family members in normal endometrium, eutopic endometrium, and ectopic lesions by IHC (Fig. 1A) . The H-scores of these proteins in EECs and ESCs are summarized in Fig. 1B and 1C, respectively (P , 0.001, one-way ANOVA). Integrin a 5 , integrin a V , integrin b 3 , and integrin b 5 expression in stromal cells was higher in eutopic tissues and ectopic lesions than in normal tissues, with ectopic lesions showing the highest staining. Integrin a 5 , integrin a V , and integrin b 5 in EECs showed weaker expression levels than in ESCs of eutopic tissues, whereas their expressions in EECs of eutopic tissues were higher than in EECs of normal tissues and ectopic issues. The high staining of integrin a 5 , integrin a V , integrin b 3 , and integrin b 5 in ESCs of ectopic lesions indicates the importance of these integrins in aberrant adhesion of endometriosis.
HIF-1a is a key regulator of hypoxia that was reported to participate in the progression of endometriosis. In this study, we found that HIF-1a was strongly expressed in ectopic tissues in both ESCs and EECs, weakly expressed in eutopic tissues, and not expressed in EECs and ESCs of normal tissues.
Hypoxia increased the adhesion and migration abilities of ESCs
To our knowledge, adhesion studies in primary endometrial epithelial cells were unreproducible (23) and the peritoneal mesothelial cells mainly acted as a defensive barrier (24) . Moreover, our IHC results of human tissues showed a significant upregulation of integrins in ESCs of ectopic lesions and eutopic endometrium compared with normal endometrium, whereas the expression of integrins in EECs of ectopic lesions was weak. Therefore, we focused on the integrins in ESCs.
We isolated 13 eutopic ESCs from 13 eutopic endometrium samples of endometriosis patients. All samples were characterized as vimentin-positive and pancytokeratin-negative ( Fig. 2A) . Then, we performed an adhesion assay of ESCs under hypoxia. As shown in Fig. 2B , the adhesion abilities of ESCs was significantly increased in hypoxia pretreated conditions compared with normoxic cultured conditions for 48 hours (P , 0.001, paired Student t test). A typical hallmark of endometriosis is the migration potential of ESCs. Using an uncoated transwell assay, we found that hypoxia significantly enhanced the migration ability of ESCs ( Fig. 2C ; P , 0.001, paired Student t test).
Hypoxic culture upregulated messenger RNA and protein expression of integrins in ESCs
Hypoxic culture for 48 hours significantly upregulated ESC messenger RNA (mRNA) expression of HIF-1a, integrin a 5 , integrin a V , integrin b 3 , and integrin b 5 compared with normoxic culture ( Fig. 2D ; P , 0.001, paired Student t test). Western blotting results revealed that protein expression of HIF-1a, integrin a 5 , integrin a V , integrin b 3 , and integrin b 5 was also increased in hypoxic culture compared with normoxic culture ( Fig. 2E; Supplemental  Fig. 1) , which was corresponded with qRT-PCR results.
Hypoxia induced integrin expression via autocrine TGF-b1 in ESCs
Overexpression of TGF-b1 in ESCs implies an autocrine mechanism in the development of fibrous adhesions and maintenance of endometriotic lesions (25, 26) . , and HIF-1a in EECs by immunohistochemistry represented by the H-score (y-axis) in all human tissues. H-scores of integrin a 5 , integrin a V , and integrin b 5 in EECs in ectopic lesions were lowest (n = 15, P , 0.001, one-way ANOVA), and there was no difference in H-score for integrin b 3 in EECs (n = 15, P . 0.05, one-way ANOVA). In contrast, the H-score of HIF-1a in EECs was higher in endometriosis samples than in normal endometrium, and ectopic lesions showed the strongest staining (n = 15, P , 0.001, one-way ANOVA). (C) Expression of integrin a 5 , integrin a V , integrin b 3 , integrin b 5 , and HIF-1a in ESCs by immunohistochemistry represented by the H-score (y-axis) in all human tissues. H-scores of integrin a 5 , integrin a V , integrin b 3 , integrin b 5 , and HIF-1a in ESCs were higher in ectopic lesions than in eutopic endometrium and weakest in normal endometrium (n = 15, P , 0.001, one-way ANOVA). ***P , 0.001. doi: 10.1210/en.2017-03227 https://academic.oup.com/endoInterestingly, we found that both mRNA and protein levels of TGF-b1 were significantly increased in ESCs after hypoxic treatment ( Fig. 3A and 3B ; Supplemental Fig. 2) . Moreover, the ELISA results revealed that the supernatant of 13 ESCs under hypoxia culture contained higher levels of activated TGFb1 than did the supernatant of these cells under normoxic culture (Fig. 3C , P , 0.001, paired Student t test). Although many studies have reported the mechanism of hypoxia-induced high expression of TGF-b1 (27) , the influence of hypoxia on TGF-b1 in endometriosis is obscure. Our in vitro results implied a potential role of hypoxia-induced TGFb1 in mediating ESC biofunction.
The IHC results of human tissues showed that TGF-b1 exhibited the same trend as HIF-1a ( Fig. 3D ; Supplemental Fig. 3 ; P , 0.001, oneway ANOVA) in both ESCs and EECs, with higher expression in eutopic tissues than in normal tissues and the highest staining in ectopic lesions. Classically, TGF-b ligands bind to the constitutively active transmembrane receptor TGF-b receptor II and recruit TGF-b receptor I, and then they activate Smad proteins through phosphorylation, subsequently regulating target gene expression in a transcriptional manner (28) . To determine whether TGF-b1 affects ESC biofunction, we further detected the expression and location of TGF-b receptor II in endometrium by immunohistochemistry. The results showed that the expression level of TGF-b receptor II in ESCs was higher in eutopic tissues than in normal tissues, with the highest staining in ectopic lesions ( Fig. 3D ; Supplemental Fig. 3 ; P , 0.001, one-way ANOVA). Although EECs showed weak and moderate expression of TGF-b receptor II in normal and eutopic endometrium, respectively, no expression of this protein was found in EECs of ectopic lesions. These results reinforced our hypothesis that hypoxia-induced TGFb1 mainly mediates ESC function via TGF-b receptor II in endometriosis. 
vs normoxia, paired Student t test). (B)
High level of TGF-b1 protein in ESCs was detected under hypoxic culture by western blot analysis (n = 13). Representative western blot results of five ESCs are shown. (C) ELISA of supernatant from 13 ESCs under normoxic and hypoxic culture showed a significantly high concentration of activated TGF-b1 under hypoxia culture (n = 13, P , 0.001 vs normoxia, paired Student t test). (D) IHC photomicrographs of TGF-b1 and TGF-b1 receptor II in normal endometrium and paired eutopic and ectopic tissues. Staining was developed using diaminobenzidine, and the cell nucleus was stained with hematoxylin. TGF-b1 expression was higher in both ESCs and EECs of eutopic tissues than that of normal tissues, with the highest staining in both ESCs and EECs of ectopic lesions. The expression level of TGF-b receptor II in ESCs was higher in eutopic tissues than normal tissues, with the highest staining in ectopic lesions (n = 15, P , 0.001, one-way ANOVA). Although EECs showed weak and moderate expression of TGF-b receptor II in normal and eutopic endometrium, respectively, no expression of TGF-b receptor II was found in EECs of ectopic lesions (n = 15, P , 0.001, oneway ANOVA). (E) Transwell migration assay was conducted to test the effects of TGF-b1, normoxia, hypoxia, and hypoxia-SB431542 costimulation on cell migration. The migration ability of ESCs was significantly stronger under TGF-b1 costimulation and hypoxic culture than under normoxia culture, whereas hypoxia-SB431542 costimulation under hypoxia decreased ESC migration ability compared with hypoxic culture alone. The quantified results are presented as mean 6 standard deviation in the right panel (n = 13, P , 0.001, one-way ANOVA). (F) Adhesion assay showing absorbance of ESCs under TGF-b1 costimulation, normoxia, hypoxia, and hypoxia-SB431542 costimulation via a cell counting kit-8 colorimetric assay. Optical density at 450 nm (OD450) was significantly higher in the TGF-b1 costimulation group and hypoxic culture group, whereas the hypoxia-SB431542 group showed dramatically decreased OD450 compared with hypoxic culture alone (n = 13, P , 0.001, one-way ANOVA). (G) qRT-PCR analysis of HIF-1a, TGF-b1, and integrins (integrin a 5 , integrin a V , integrin b 3 , and integrin b 5 ) in ESCs under hypoxia and culture condition supplemented with the TGFb1 receptor inhibitor SB431542 (hypoxia-SB431542) costimulation showed that mRNA levels of HIF-1a, TGF-b1, and integrins were dramatically decreased under hypoxia-SB431542 costimulation compared with hypoxic culture alone (n = 13, P , 0.001, paired Student t test). (H) Western blot analysis of HIF-1a, TGF-b1, and integrins (integrin a 5 , integrin a V , integrin b 3 , and integrin b 5 ) in ESCs under TGF-b1 costimulation, normoxia, hypoxia, and hypoxia-SB431542 costimulation for 48 hours. The protein expression of TGF-b1 and integrins was dramatically increased under TGF-b1 costimulation and hypoxic culture (n = 5), whereas hypoxia-SB431542 treatment decreased protein expression of TGF-b1 and integrins compared with hypoxic culture (n = 5). A representative experiment of three ESCs is shown. ***P , 0.001. H, hypoxic culture group; N, normoxic culture group. doi: 10.1210/en.2017-03227 https://academic.oup.com/endo
Next, recombinant TGF-b1 or its inhibitor SB431542 was added to ESCs for 2 hours before hypoxic treatment and the cells were subsequently subjected to migration and adhesion assays. As shown in Fig. 3E and 3F, the percentage of migrated and adhered ESCs was dramatically increased in the hypoxia culture group and TGF-b1 costimulation group compared with the normoxic culture group, whereas migration and adhesive abilities were decreased in the hypoxia-SB431542 group relative to the hypoxia culture group (P , 0.001, one-way ANOVA). Addition of TGF-b1 to normoxic culture markedly increased ESC mRNA expression levels of integrin a 5 , integrin a V , integrin b 3 , and integrin b 5 compared with normoxic culture (Supplemental Fig. 4 , P , 0.001, paired Student t test). In contrast, mRNA expression of integrins was dramatically inhibited when ESCs were pretreated with SB431542 in hypoxic condition compared with that in hypoxic culture alone ( Fig. 3G ; P , 0.001, paired Student t test). Moreover, the alterations in integrin protein levels corresponded to changes in mRNA, with significantly increased integrin protein expressions in ESCs after incubation with TGF-b1 compared with the normoxic group ( Fig. 3H ; Supplemental Fig. 5 ). In contrast, combination treatment with SB431542 under hypoxic culture blocked the upregulation of integrins induced by hypoxia, suggesting that the increase in adhesion ability and integrin expression in ESCs under hypoxia depended on the overexpression of TGF-b1.
Hypoxia-induced TGF-b1 stimulated Smad2 signaling
Increased TGF-b1 in peritoneal fluid and adjacent peritoneum of endometriosis has been reported to stimulate the Smad2/3 signaling pathway and promote the establishment of endometriotic lesions (29, 30) ; therefore, we next investigated whether Smads could be activated by hypoxic treatment in ESCs. After culture of ESCs in hypoxic conditions for several hours the level of p-Smad2 was increased, accompanied by an increase in HIF-1a (Supplemental Fig. 6 ). Further experiments revealed that pSmad2, p-Smad3, and Smad4 protein expression levels were remarkably elevated in ESCs cultured in hypoxic condition compared with normoxic condition, with no influence on total Smad2 level ( Fig. 4A; Supplemental  Fig. 7) . In contrast to the increase in p-Smad2, p-Smad3, and Smad4 proteins in the TGF-b1 costimulation group and hypoxia group ( Fig. 4B; Supplemental Fig. 8) , the hypoxia-SB431542 group showed inhibition of upregulated protein levels that were stimulated by hypoxia alone (Supplemental Fig. 9) .
Moreover, IF results showed that p-Smad2 was mainly located in the cytoplasm of ESCs with faint staining in the nucleus under normoxic conditions (hypoxia at 0 hour). After hypoxic incubation for 4 hours, p-Smad2 started to enter the nucleus of ESCs. The accumulation of p-Smad2 in the nucleus peaked after 8 hours of incubation in hypoxic conditions (Fig. 4C) . Given that SB431542 blocked the hypoxia-induced integrin expression, these results suggested that hypoxia induced excessive pSmad2 translocation into the nucleus by stimulating TGF-b1 signaling, which subsequently regulated the expression of integrins in ESCs under hypoxia.
HIF-1a participated in hypoxia induction of TGF-b1/Smad/integrins in ESCs
Because HIF-1a is abundantly expressed in ESCs extracted from ectopic endometrium of endometriosis compared with eutopic endometrium (31), we next investigated whether knockdown of HIF-1a by shRNAs in ESCs could influence cell adhesion and integrin expression. As shown in Fig. 5A , the HIF-1a mRNA expression level was notably downregulated by shRNAs in both normoxic and hypoxic groups (P , 0.01, one-way ANOVA). Inhibition of HIF-1a expression significantly decreased the adhesion abilities of ESCs that were induced by hypoxia ( Fig. 5B, P , 0 .001, paired Student t test). Moreover, mRNA levels of integrins, including a 5 , a V , b 3 , and b 5 , were remarkably inhibited in culture conditions of either normoxia or hypoxia (Fig. 5C , oneway ANOVA). Furthermore, RNA interference of HIF1a under hypoxia decreased both TGF-b1 and p-Smad2 protein levels without any influence on total Smad2 ( Fig. 5D; Supplemental Fig. 10B-D) . Consistent with mRNA expression of integrins, levels of integrin proteins were all decreased by HIF-1a interference under hypoxia ( Fig. 5D; Supplemental Fig. 10E-H) . These results demonstrated that HIF-1a participated in the induction of TGF-b1/Smad/integrins in ESCs under hypoxic conditions.
High expression of integrins in endometriotic cysts from mouse model
As the above results proved that hypoxia promoted the adhesion and migration of ESCs in vitro through induction of TGF-b1, we further assessed the alteration of HIF-1a, TGF-b1, and integrins in vivo using mouse model of peritoneal endometriosis. Eleven C57BL/6 mice were euthanized 48 hours after implantation; all mice developed endometriotic lesions containing typical endometrial glandular and stroma cells. The lesions were collected for IHC assays to determine the expression of HIF-1a, TGF-b1, and integrins. As shown in Fig. 6A , HIF-1a was expressed weakly in ESCs of eutopic endometrium (0 hour), but was strongly expressed in ESCs of ectopic lesions (48 hours). TGF-b1-positive staining was distributed in ESCs from both eutopic endometrium and ectopic lesions, but the intensity was much stronger in ectopic lesions than in eutopic endometrium. Staining signals for integrin a 5 , integrin a V , integrin b 3 , and integrin b 5 were significantly higher in ectopic lesions than eutopic endometrium in stromal cells. Although expression of HIF-1a and TGF-b1 in EECs of ectopic lesions was higher than that in eutopic endometrium, expression levels of integrins in EECs did not change in the two groups. The H-scores of HIF-1a, TGFb1, integrin a 5 , integrin aV, integrin b 3 , and integrin b 5 in glandular cells and stromal cells are summarized in Fig. 6B and 6C, respectively (paired Student t test). Western blot results showing p-Smad2, total Smad2, p-Smad3, and total Smad4 in ESCs under TGF-b1 costimulation, normoxia, hypoxia, and hypoxia-SB431542 costimulation for 48 hours. Levels of p-Smad2, p-Smad3, and total Smad4 protein were remarkably increased under TGF-b1 costimulation and hypoxic culture with no influence on total Smad2 (n = 5), whereas hypoxia-SB431542 costimulation decreased protein expression of p-Smad2, p-Smad3, and total Smad4 compared with hypoxic culture alone (n = 5). Representative western blot results of three ESCs are shown. (C) Immunofluorescence assay showed that p-Smad2 protein was mainly localized in the cytoplasm of ESCs under normoxic conditions (hypoxia 0 hour), started to enter the nucleus at 4 hours of hypoxia treatment (hypoxia 4 hours), and then peaked at 8 hours of hypoxia (n = 5). Original magnification, 3400. All experiments were repeated three times and representative IF results of one ESC at 0 hour, 4 hours, and 8 hours are shown. DAPI, 4 0 ,6-diamidino-2-phenylindole; H, hypoxic culture group; N, normoxic culture group.
Discussion
Integrins are cell adhesion molecules that participate in cell-cell and cell-substratum interactions. Integrins exhibit dynamic expression patterns in human endometrium and are restricted spatially to specific cell types or segregated temporally within the menstrual cycle (32) . Our IHC results in control groups (0 hour group of mouse model and normal endometrium group) complement previously reported data on the expression of integrins in proliferative endometrium (33, 34) . Results from clinical samples showed that levels of integrins (integrin a 5 , integrin a V , integrin b 3 , and integrin b 5 ) were elevated in ESCs of both eutopic and ectopic endometrial tissues compared with those in normal endometrium, with strongest expression in ectopic tissues. The results of an in vivo model also showed upregulation of all of these integrins in ESCs 48 hours after peritoneal transplantation of endometrial fragments. These results are concordant with increased adhesion of ESCs via integrins in endometriosis. . ESCs in lesions from mouse models of endometriosis expressed high levels of HIF-1a, TGF-b1, and integrins. (A) Animal models were established by stitching eutopic endometria onto the peritoneum of C57BL/6 female mice and lesions were harvested after 48 hours of transplantation. Staining was developed using diaminobenzidine, and the cell nucleus was stained with hematoxylin. Protein expression levels of HIF-1a, TGF-b1, integrin a 5 , integrin a V , integrin b 3 , and integrin b 5 in endometrium before transplantation (hour 0) and after transplantation (hour 48) were compared. Immunohistochemistry assay photomicrographs showed higher expression of HIF-1a, TGF-b1, integrin a 5 , integrin a V , integrin b 3 , and integrin b 5 in ESCs of hour 48 lesions (n = 11, P , 0.001 vs ESCs in hour 0 endometrium, paired Student t test), whereas only HIF-1a and TGF-b1 were overexpressed in EECs in hour 48 lesions (n = 11, P , 0.001 vs EECs in hour 0 endometrium, Student t test), whereas integrin a V was decreased in EECs in hour 48 lesions (n = 11, P , 0.001 vs EECs in hour 0 endometrium, paired Student t test). (B) Expression levels of HIF-1a, TGF-b1, integrin a 5 , integrin a V , integrin b 3 , and integrin b 5 in EECs by immunohistochemistry assay represented by the H-score (y-axis) according to hour 0 or hour 48 tissues in all mice. H-scores of HIF-1a and TGF-b1 in EECs were higher in hour 48 lesions than in hour 0 endometrium (n = 11, P , 0.001 vs EECs in hour 0 endometrium, Student t test); H-score of integrin a V in EECs was lower in hour 48 lesions than that in hour 0 tissues (n = 11, P , 0.001 vs EECs in hour 0 endometrium, paired Student t test), whereas there was no difference in Hscore for integrin HIF-1a was not only suggested to contribute to the progression of endometriosis, but was also reported to be one of the regulators of integrin-induced adhesion in many different cancers (13) . Interestingly, HIF-1a expression in ESCs of clinical samples and a mouse model showed a trend of upregulation corresponding to that of integrins. Consistent with IHC findings, our in vitro studies showed that hypoxic treatment enhanced adhesion and migration abilities of ESCs, which were subsequently found to be associated with upregulation of integrin a 5 , integrin a V , integrin b 3 , and integrin b 5 . However, little is known about how hypoxia influences the increase of these integrins in ESCs during the development of ectopic foci.
Our in vitro studies showed that hypoxic treatment of ESCs also stimulated TGF-b1 production. The results for clinical samples and the results of mouse model studies showed that TGF-b1 expression in ESCs was upregulated with a trend corresponding to HIF-1a expression. Because HIF-1a can bind to the hypoxia response element of TGF-b1 promoter and stimulate TGF-b1 production in different cells (35), we explored the relationship between HIF-1a and TGF-b1 in ESCs. By shRNA interference of HIF-1a expression, we found that the adhesion capacity of ESCs was markedly reduced in hypoxic culture conditions when HIF-1a expression was inhibited, which was accompanied by decreased protein expression of TGF-b1 and decreased integrin expression at both RNA and protein levels. This indicates that adhesion regulation by integrins in hypoxia may at least in part depend on HIF-1a via increased TGF-b1 protein expression in ESCs. Moreover, exposure to TGF-b1 was suggested to stimulate intraperitoneal adhesion formation of endometriosis through upregulation of integrins (30, 36, 37) . In our study, overexpression of integrin a 5 , integrin a V , integrin b 3 , and integrin b 5 in ESCs was accompanied by high levels of TGF-b1 under hypoxia culture, and addition of SB431542 to hypoxia pretreated ESCs remarkably blocked the upregulation of integrins by hypoxia. Our results of HIF-1a, TGF-b1, and integrin expression in endometriosis imply that upregulation of integrins might be induced by hypoxia-mediated overexpression of HIF-1a and TGF-b1, although we could not rule out the possibility that this might be simply a coincidental phenotype with endometriosis progression.
Transduction of TGF-b1 signals to the nucleus depends on the activation of p-Smad2, p-Smad3, and a common partner Smad4 (30) . In our research, hypoxia upregulated TGF-b1 accompanied by activation of p-Smad2 with no change in total Smad2, whereas TGF-b receptor antagonist showed an opposite effect on ESCs. Moreover, p-Smad3 and Smad4 protein levels were increased in hypoxic culture and these changes were reversed by TGF-b receptor antagonist. RNA interference of HIF-1a under hypoxia not only decreased TGF-b1 protein levels, but also decreased p-Smad2 protein levels without an influence on total Smad2. Collectively, these results indicated functional activation of the TGF-b1/Smad signaling pathway in hypoxia-induced expression of integrins and increased adhesion behavior in ESCs.
Our study showed that HIF1-a and TGF-b1 were overexpressed in EECs of eutopic endometrium and ectopic lesions, whereas expression of TGF-b receptor II in EECs of ectopic lesions was decreased compared with eutopic endometrium. The different expression trends of TGF-b receptor II in eutopic and ectopic EECs indicated that the influence of hypoxia on EECs may not depend on the TGF-b/Smad signaling pathway. However, further research is needed.
Taken together, these data provide a novel mechanistic view for endometriosis development in which hypoxia upregulates the adhesion properties of ESCs via the HIF-1a/ TGF-b1/Smad pathway. Our study also provides further evidence that the pelvic hypoxic microenvironment is a key participant in endometriosis progression via dysregulated adhesion.
